The 300M steel hydraulic bulge specimens were heat-treated and machine
ground to the final geometry.

Explosive Biaxial Bulge Tests

Ex?Iosive biaxial bulge tests were conducted by the system developed by
Biegel (14). It is essentially a hydraulic bulge test activated by the pres-
sure generated by igniting a cartridge containing a high-burning rate smokeless
powder with an estimated 3500 MPa maximum. The testing fixture is shown in
Figure 9. The fracture ductility was calculated from:

The specimen configuration is the same as that of Figure 8. The 300M steel
explosive bulge specimens were heat-treated and machine ground to the final geo-
metry.

Directional Biaxial Tests

Because of the inherent directionality of TRIP steel it became necessary
to develop biaxial tests for various strain rates, where the principal stresses
are not balanced, (o, ¥ c,). Two possibilities were explored, namely, a hy-
draulic bulge test tﬂrougﬁ an elliptical opening and a plane strain tensile test.
An added condition imposed was that it must be possible to conduct these tests 1
over a wide range of strain rates. Thus, the design and preliminary testing of
a suitable fixture for such tests became a major secondary task of the overall
progran.

A. Elliptical Bulge Test |

For this test the stress and strain biaxiality is con-
trolled by the ratio of major and minor axis of the ellip-
tical opening, a/b, and depends on the total strain. Tests
on annealed 304 stainless steel specimens, provided with a
square grid, were used to experimentally determine the strain
biaxiality at the center as a function of geometry. The
bulge specimen, with a square grid, made of this stainless
steel was bulged with the circular die at a medium strain
rate. The grid at the apex of the bulge extended equally
in both directions indicating that this stainless steel is
mechanically isotropic. Finally, a geometry of a/b = 3.00




was chosen. This produced a strain biaxiality gradually
decreasing with increasing strain to approximately

€,/eqy = 0.75, Figure 10, or a stress biaxiality of approxi-
mately op/cy = a = 0.9 (15) for an isotropic material. The
geometry of tne elliptical die is shown in Figure 11. Al-
though the stress ratio achieved was still close to unity,
the test was sufficiently directional to produce fracture
in the direction normal to the larger principal stress.

For this geometry the fracture strain is given by:

t
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These tests can be conducted over a range of strain rates
including those using smokeless powder as the activating
medium.

Plane Strain Tensile Tests

The plane strain tensile test uses a test specimen con-
taining face notches. Such a configuration has been widely
used for material characterizations in biaxial tension (11).
Part of the task consisted of developing a test set-up for
conducting a plane strain tensile test at very high strain
rates. A solution to this problem was achieved by designing
a test specimen that could be pulled hydraulically in a pres-
sure chamber. The specimen geometry and the test chamber are
illustrated in Figures 12 and 13 respectively. The specimen
was held by two rapidly movable grips inside the test cham-
ber. Gun powder was used to generate the high pressure re-
quired to produce a high strain rate. This pressure applied
force and motion to the movable cylindrical grips resulting
in the fracture of the specimen. The plane strain tensile
test at medium strain rate is essentially the same as the
plane strain tensile test at high strain rate, only the hy-
draulic pressure is generated by a moving piston instead of
gunpowder. The piston is driven by the ram of a 900000 New-
ton (100 ton) hydraulic press with a crosshead speed of 762 mm/
min. The test fixture is shown in Figure 14. The plane strain

tensile tests at a low strain rate were conducted in an Instron

testing machine. The crosshead speed is 0.51 mm/min. The
fracture strain is given by:
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The initial thickness of the specimen was measured by
using a point micrometer. The final thickness of the speci-
men was measured under a traveling microscope with a magni-
fication of 35X. The scale of the traveling microscope was
calibrated against a standard supplied by the optical company
before taking the measurements. The accuracy of the final
thickness measurement is within 5 um.

IV. RESULTS AND DISCUSSION

Results

Hardness Tests

Hardness tests with a 1.59 mm (1/16 in.) indentor and loads varying from
20 to 187.5 Kg were performed to determine parts of the flow curve following
the procedure attempted in a prior research program under AMMRC sponsorship(16).
The results are compared with the true stress-true strain curve obtained in the
previous TRIP program (4) and are presented in Figure 15. The values of flow
stress obtained on the two faces parallel to the rolling direction were higher
than those obtained on the face perpendicular to the rolling direction. The
observed discrepancy suggests that the proposed correlation (16) does not apply
well to TRIP steels.

Tensile Tests

300M Steel

Uniaxial tensile tests and uniaxial tapered tensile tests were performed
to obtain the true stress-true strain curves of the TRIP steel (four warm-work
conditions) and the 300M steel (two heat-treat conditions). The results are
given in Tables III, IV and V. The true stress-true strain curves for the 300M
steel are shown in Figure 16. Young'g moduli of the two heat-treat conditions
for the 300M steel are E = 1.76 X 10°MPa for the isothermally transformed
300M steel and E = 1.50 X 105MPa for the normalized 300M steel. The fracture
stress and strain of the normalized 300M steel is about 25% above that of the
ifsothermally transformed 300M steel. Before the test the amount of retained
austenite of isothermally transformed and normalized 300M steels is 15.1% and
6.5% respectively. After fracturing the amount of retained austenite near the
fracture surface of all 300M steel specimens is not measurable by X-ray, i.e.,
close to zero.

TRIP Steel
The true stress-true strain curves of the TRIP steel (four conditions) in

the longitudinal direction are shown in Figure 17. The tensile properties of
TRIP steel (four conditions) are presented in Table IV. The true stress-true




strain curves of the TRIP steels were obtained by pulling tapered tensile
specimens in the Instron Testing Machine. The crosshead speed was 0.51 mm
(0.02 in.)/min. for all tests. LUders bands were formed in the straignt
section of the tapered tensile specimens during the early stages of the

tests and propagated into the tapered section. The Lluders bands propagated
through the entire tapered section of the 0% warm-work TRIP steel tapered
tensile specimen, through about 1/3 of the tapered section in the 79% warm-
work tapered tensile specimen, and through 1/2 of the tapered section in the
30% warm-work tapered tensile specimen. The true stress-true strain curve
for 11% warm-work tapered tensile specimen could only be determined for
strains above 0.15. Another tensile test was conducted to obtain the entire
true stress-true strain curve. The tapered tensile specimens of 79%, 30%

and 11% warm-work TRIP steel materials fractured within the straight section,
but the tapered tensile specimen of 0% warm-work TRIP steel fractured at the
bottom of the gage length, at the fillet, at a strain which was less tnan

the maximum strain obtained from the same specimen; therefore, the true frac-
ture strain for the 0% warm-work TRIP steel could not be determined from

this test.

A tensile test was conducted on the 79% warm-work TRIP steel in the
transverse direction. The true stress-true strain curves of the 79% warm-
work TRIP steel in longitudinal and transverse directions are compared in
Figure 18, and their tensile properties are listed in Table V. The fracture
strain in the longitudinal direction is twice the fracture strain in the
transverse direction. The fracture stress in the longitudinal direction is
about 1.5 times that in the transverse direction. This strong directional-
jty made it necessary to develop biaxial test methods for several strain rates
wihere the principal stresses are not balanced (°2/°1 ¥ 1).

The data indicate that the fractures stress of the TRIP steel increases
as a function of the amount of warm-work. The fracture ductility of the
TRIP steel increases to its maximum value at 30% reduction of thickness and
then decreases, Figure 19.

Bulge Tests
300M Steel

The results of the hydraulic biaxial bulge test at three strain rates
are given in Table VI and VII. The quoted strain rate represents an approxi-
mate value which is obtained-by dividing the fracture gtrain,by the test time.
Two hydraulic bulge tests at low strain rates (¢ = 107 sec °) were conducted
on the isothermally transformed 300M Steel - both fractured at the apex of
the bulge; one broke into three pieces and the other broke into four pieces.
The fracture zone of one specimen extended into the hold-down area. Otherwise
the two tests gave the same results with a fracture strain of 0.11 and a uni-
form strain of 0.09 (as measured some distance away from the fracture point).

One hydraulic bulge test at low strain rate (¢ = 10" sec'l) was conduc-
ted on the normalized 300M steel. The specimen fractured at the apex of the
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bulge and extended through the entire specimen resulting in two segments.
One segment of the bulged region was separated from the main portion of that
segment. The fracture strain is 0.18 and the uniform strain is 0.13.

One hydraulic bulge test at medium strain rate (¢ =10°1 sec'l) was con-
ducted on each heat-treat condition of 300M steel. The fracture line of the
isothermally transformed 300M steel specimen formed an “S" shape, with a frac-
ture strain of 0.14. The normalized 300M steel specimen broke into three
pieces with the fracture strain of 0.21. Both 300M steel specimens fractured
at the apex of the bulge.

Three explosive bulge tests were performed on the isothermally trans-
formed 300M steel. Al1l three specimens fractured on the apex of the bulge,
two broke into four pieces and the other broke into five pieces. The frac-
ture strains obtained from the three tests are 0.28, 0.29 and 0.28. The
average value was 0.28.

One explosive bulge test was conducted on the normalized 300M steel.
The thickness of tne specimen was not uniform and the specimen did not frac-
ture at the apex of the bulge. Tne fracture strain (0.17) obtained from
this specimen did not appear to be representative of the materiai.

TRIP Steel:

Hydraulic bulge tests at low strain rate (¢ =10'4 sec'l) were also con-
ducted on the TRIP steel sheet (four warm-work conditions) in the as-received
condition (without grinding to remove the surface layer). The thickness of
these four specimens was within 0.05 mm. The 0%, 30% and 79% warm-work TRIP
steel specimens fractured at the apex of the bulge with the fracture strains
of 0.58, 0.40 and 0.32 respectively. Two 113 warm-work TRIP steel spe-
cimens were tested. One of them did not fracture at the apex of the bulge
but on the side, half-way towards the bulge where the stress state is a ¢ 1
and 8 ¢ 0. The fracture strain (0.40) obtained from this specimen cannot
be regarded as the true value of bulge ductility. The other one fractured at
the apex of the bulge with fracture strain of 0.45.

Prior to the availability of the new material explosive bulge tests were
performed on the TRIP steel plate. The first specimen was machined and ground
to a final thickness of 1.14 mm. The specimen was strained twice without
fracture. The thickness at the apex of the bulge was 1.04 mm. This is a
strain of 0.09. The bulge extended 5.46 mm above the base plane of the speci-
men.

The second specimen was machined and ground to a 0.64 mm thickness. The
thickness at the fracture zone was 0.56 mm for a fracture strain of 0.13. This
specimen was also strained twice. The fracture zone extended into the area
under the hold down. Two segments of the bulge area were broken away from the
rest of the specimen.




The third specimen was machined, ground and polished (the direction of
the final polish with respect to the rolling direction is uncertain althougn
observation indicates that they were nearly perpandicular). This spacimen
was also strained twice with a reduction in thickness from 0.65 mm to 0.58 mm
in the fracture zone. Tnis is a strain of 0.10. The fracture line did not
pass through the apex of the bulge where the final thickness was 0.56 mm
with a strain of 0.15. The fracture originated from a hole in the periph-
ery of the specimen (used for hold down during machining). Another fracture
started to propagate from another hole at the periphery approximately 90°
from the other fracture line. One segment of the bulge was broken away from
the main portion of the specimen.

The fourth specimen fractured into two pieces, the fracture zone ex-
tending approximately through the center of the specimen and under tne nold
down. The fracture line coincided with the rolling direction. The original
thickness was 0.86 mm and the final thickness was 0.56 for a fracture strain
of 0.20. This specimen was polished with the final polishing direction
being perpendicular to the rolling direction.

The tnird and fourth specimens display an elongated 'orange peel' effect
with the elongation in the rolling direction. This is attributed to the
directionality of the material. Observation under a low power microscope con-
firms this phenomenon.

The results of the explosive elliptical bulge test on the TRIP steel are
given in Table VIII. The major axis of the elliptical die was oriented per-
pendicular to the longitudinal direction. Fracture in each specimen occurred
along the major axis of the elliptical die, perpendicular to the longitudinal
direction of the specimen, thus representing a longitudinal test direction.
The effective true fracture strains achieved were 0.41, 0.21, 0.33 and 0.36
for 0%, 79%, 30% and 11% warm-work TRIP steel specimens respectively.

Plane Strain Tensile Test

The results of the p]ane4straig tensile test on t?e TRI? steel, at 3
strain rstes. static (¢ = 107" sec °), medium (¢ = 10°* sec™!) and explosive

(¢ = 10° sec-1l) are presented in Tab]e IX. The lTow strain rate tests were
conducted on the Instron Testing Machine. During this test the crosshead
speed was controlled at 0.5 mm./min. for all four tests. The measured plane
strain ductilities (the effective true fracture strain for the stress state
0p/0y = 1/2) were found to be 0.42, 0.50, 0.51 and 0.48 for the 0%, 79%, 30%
nnd 13 anm-uYrk conditions respectively. For the medium strain rate

(¢ = 10~1 sec~!) the results were 0.58, 0.40, 0.45, 0.63 again for the 0%, 79%,
30% and 11% warm-work conditions. The plane strain tensile tests at explosive
strain rates were performed using the apparatus illustrated in Figure 13. The

effective fracture ductilities measured under these conditions are 0.41, 0.35,
0.38, and 0.47 again for the 0%, 79%, 30% and 11% warm-work conditions re-
spectively.




Discussion
300M Steel

As a result of tensile testing to failure the amount of retained austen-
ite in the 300M steel decreased from 6.5% to 0 for the steel in the normalized
condition and from 15.1% to O for the steel isothermally transformed to produce
a high amount of retained austenite. The results for both heat-treat conditions
clearly indicate that practically all the austenite transforms to martensite
when specimens are tested to fracture at room temperature. Based on the obser-
vation of the transformation of retained austenite it is suggested that the
transformation enhanced both the fracture strain and the fracture stress of the
300M steel specimens.

The bulge ductility (effective true fracture strain under equibiaxial
bulge test) increases with increising itrain rate from 0.11, as measured under
quasi static conditions (¢ = 10°" sec™), to 0.29 under explosive conditions
(¢ = 103 sec-1) for the isothermally transformed steel, Figure 20. A similar
result was obtained from Type 301 stainless steel (5). The increase in bulge
ductility with increasing strain rate in 300M steel may be attributed to adi-
abatic heating (17) during the high strain rate test (as no strain localization
has been observed).

TRIP Steel

The TRIP steel showed strong evidence of directionality. This required
the development of multiaxial tests, for which the principal stresses are not
equal, and which are capable of being performed over a range of strain rates.
Thus an elliptical explosive bulge test was developed and the plane strain ten-
sile test was adapted to high strain rate (explosive) conditions.

An Aminco-Brenner magne-gage with #3 magnet was used to measure the amount
of martensite formed near the fracture face to obtain further information about
the relationship between martensite formation, fracture strain and strain rate.
Other martensite measurement techniques, such as metallographic and X-ray dif-
fraction, were not used since these are directionally sensitive. Moreover, the
metallographic measurement is very time-consuming and highly inaccurate due to
the distorted microstructure of the TRIP steel after plastic deformation. Further-
more, since the martensite has a specific orientation to the parent austenite
matrix, which is itself highly oriented due to the warm-work, it is not likely
that an examination of any one face will yield a representative martensite deter-
mination. X-ray diffraction analysis is complicated by the preferred orienta-
tion which results from warm-working, and the resulting elongated grain shape
makes special diffraction techniques necessary. The magne-gage measurement
technique gives an average value of martensite content of the volume under the
magnet, and the plastic deformation has little effect on the value measured.
Besides, the magne-gage technique is very easy to perform (18).
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The calibration chart was obtained by using the NBS Thickness Standards
(SRM No. 1313 through SRM No. 1320) in accordance with the procedure from
the Welding Research Report, July 1, 1972. The accuracy of the measured
ferrite content is within 1% when the value obtained is below 10%,
above that the accuracy is less (19). To minimize the edge effect and rough
surface effect in the measurement, the broken halves of fracture specimen
were put together as close as possible. Due to the limitation of the magne-
gage the amount of martensite content in a specimen can only be measured up
to 20%.

Initially the martensite content of each TRIP steel specimen under the
four heat-treat conditions was zero. After the uniaxial tensile tests the
amount of martensite content near the fracture face of each tapered tensile
;pecimens of TRIP steel for all four heat-treat conditions was in excess of

0%.

The martensite content near the fracture face in the Clausing specimens
of TRIP steel, for the fou wanm-wgrked conditions at three strain rates
(¢ = 10-% sec-1, 10-1 sec~! and 107 sec-1) are listed in Table X. In general
the amount of martensite formed decreases with increasing strain rate, except
for the 0% warm worked (solution annealed) condition.

The effective fracture strains obtained from the explosive elliptical
bulge tests of the TRIP steel specimen decreases with increasing warm-work
(Figure 21). The plane strain ductility of the TRIP steel specimens at high
strain rate (¢ = 103 sec-l) and at medium strain rate (¢ = 10-1 sec-1) first
increases and_then decreases with increasing warm-work. At low strain rate
(¢ = 10"%ec-1) the plane strain ductility increases with increasing warm-
work (Figure 22). The same kind of variation for increasing warm-work was
also observed for the amount of martensite content at the fracture face of the
plane strain TRIP steel specimens (Table X). This suggests that both the
stability and the M, temperature of TRIP stee)l are affected by the amount
of warm work during fRIP processing.

The plane strain fracture ductility of TRIP steel decreases with in-
creasing strain rate for the 79% and 30% warm work conditions; this trend
is opposite to that found for 300M steel. Ag2in the same trend was also ob-
served for the amount of martensite formed at the fracture face of the plane
strain fracture specimens (Table X). For the two lower warm-work conditions,
0% and 11%, the plane strain fracture ductility first increased from the quasi-
static to the medium strain jyate and then decreased from the medium to the ex-
plosive strain rate to a value slightly below that obtained from the quasi-
static test (Figure 23).

The decrease of plane strain fracture ductility of high strength TRIP
steels, 30% and 79% warm work conditions, with increasing strain rate can
probably be attributed to adiabatic heating during the deformation period (7,17),
thereby reducing the tendency for martensitic transformation. However, for
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the two lower warm work conditions, 0% and 11%, the plain strain fracture
ductility and the amount of martensite formed at the fracture face cannot

be explained by adiabatic heating only. Therefore, it is suggested that
these effects are caused by an interplay between adiabatic heating, stability
of metastable austenite in TRIP steel (which increases with increasing tem-
perature) and the effect of warm-work on My temperature.

It is expected that the fracture toughness - strain rate behavior will
follow the trend exhibited by the plane strain ductility. This has been

partially confirmed by the result of a ballistic test on a TRIP steel plate (20),

which showed high toughness and ductility under low strain rate conditions, but
very little resistance to penetration under high strain rate conditions.

The stress state also has a strong effect on the effective fracture strain
(Figure 24). The effective true fracture strain of 30% and 79% warm worked
TRIP steel specimens decreased when the stress state changed from o« =0 to
a =1 at low strain rate. At high strain rate the effective true fracture
strain of 11%, 30% and 79% warm worked TRIP steel specimen decreased when the
stress state changed from o = 1/2 to a = 0.9. These resulgs follow the
critical mean stress fracture criterion proposed by Weiss (21). However, the
results obtained from 0% warm worked TRIP steel specimens at high and low
strain rates do not show the same kind of change with the stress state.

V. SUMMARY

The results of a feasibility test program to characterize the room tem-
perature high strain fracture toughness of ultra high strength 300M steel and
TRIP steel with various amounts of warm-work can be summarized as follows:

1. The basic mechanical properties of the test materials are il-
lustrated by means of tensile tests on standard and tapered
tensile specimens. For the 300M steel virtually all retained
austenite is transformed to martensite at and near the fracture
site. For the TRIP steel the maximum fracture strength is
obtained for the 79% warm-work condition. The amounts of mar-
tensite formed near the tensile fracture face increased from
zero to more than 20%. (The exact amount can not be obtained
due to the limitation of the apparatus).

2. The bulge ductility of 300M steel was found to increase with
increasing strain rate. This was observed for both conditions
of 300M steel, normalized and isothermally transformed for
maximum retained austenite. This behavior is similar to that
observed on Type 301 stainless steel (5). It is believed that
an increase in bulge ductility at high strain rate can be at-
tributed to adiabatic heating of the specimens during the
test. By reference to the previously observed correlation be-
tween bulge ductility and fracture toughness the present re-




sults indicate that one might expect an increase in fracture |
toughness with increasing strain rate in 300M steel contain-
ing varying amounts of metastable retained austenite.

3. The biaxial ductility of TRIP steel decreases with increas-
ing strain rate for the 79% and 30% warm-work ccaditions, from
approximately 0.50 to approximately 0,37. This trend is op-
posite to that found for 300M steel. For the two lower warm- i
work conditions, the plane strain fracture ductility first in-
creases from the static to the medium strain rate and then de-
creases from the medium to the explosive strain rate to a value
slightly below that obtained from the quasi-static test. It
is suggested that these effects are caused by an interplay be-
tween adiabatic heating, stability of metastable austenite in
TRIP steel (wnich increases with increasing temperature) and the
the effect of warm-work on the My temperature. It is expected
that the fracture toughness - strain rate behavior will follow
the trend exhibited by the plane strain ductility.
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APPENDIX 1

THAE THERMOMECHANICAL TREATMENT OF TRIP STEEL
PERFORMED BY
ALLEGHENY LUDLUM STEEL CORPORATION

Sawed to remove 19 mm (3/4") thick slice which was shipped to Syracuse
University.

Balance of the material was heated to 1177°C (2150°F) and forged to

102 mm (4') thick X 165 mm (1-1/2'") wide X R.L. billet. During forging,
rupturing occurred at one end of the billet. The cracks did not propa-
gate to any great depth during subsequent forging to final size.

Billet conditioned completely by grinding. Somc fine cracks remained
upon one end of the billet after extremely deep conditioning.

Sawed billet into two pieces representing 1/3 and 2/3 volume of material.
The piece representing 2/3 the volume contained the residual cracks.

Heated the 2 pieces to 1177°¢ (ZISOOF) and hot rolled both pieces to
25 mu (1'") thickness. The large pi=ce developed cracks in the area
which had contained residual cracks.

Abrasive cut both pieces of material into three equal parts for later
processing. Remove the defective material from the larger piece and
shipped to Syracuse University. Material at this stage was either hard
or very abrasive.

The six pieces, 25 mm (1.0") thickness were conditioned by grinding.

The six pieces were heated to 1177°C (2150°F) hot rolled to the following
thicknesses and permanently identified:

Iniciness

mm  inches

Al 8.05 (0.317)
A2 2.69 (0.106)
A3 2.03 (0.080)
B1 16.03 (0.631)
B2 5.36 (0.211)
B3 3.96 (0.156)




(9)

Each of the pieces in 8 above were either sheared cold or sheared
wam into three equal pieces. Two pieces of scrap, 1 piece from each
A-3 and B-3 were shipped to Syracuse University in the as hot rolled
condition.

The 18 pieces were grit blasted to remove hot work scale.

Pieces were coated with Ceram-guard, solution treated at 1204°¢ (ZZOUOF)
for 1 hr. in an air atmosphere and water quenched.

Grit blast and light pickle.

3) All 18 pieces were heated to 480°C (900°F) and warm-cold rolled to the

final thickness.

After the final process four different warm-work conditions at two dif-
ferent thicknesses were available for the program, as listed below.

Material designation Reduction of thickness Final thickness
mn inches
AOQ no reduction 2.03 (0.080)
Al 79% 1.55 (0.061)
A2 30% 1.85 (0.061)
A3 11% 3.55 (0.061)
B0 no reduction 3.96 (0.156)
B 1 80% Sud? (0.125)
B 2 38% S1? (0.125)
B3 12% 3.15 (0.124)
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FIG.4 TAPERED TENSILE SPECIMEN WITH 25mm STRAIGHT SECTION
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TASLE I £

CHEMICAL COMPOSITIONS OF
TRIP STEEL AND 300M STEEL

TRIP (Plate)
COMPOSITION 300M TRIP (Sheet) (Weight Percent)
(Weight Percent) (Weight Percent)  From Prior Program

C 0.40 0.34 0.27
Mn 0.92 2.12 0.91
Si 1.57 2.06 1.84
Ni 1.9 8.02 8.73
Cr .81 8.90 8.81

Mo 37 4.14 4.07

0
0

P 0.009 0.002
0.001 0.002
0
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TABLE 111

THE TENSILE PROPERTIES
OF THE 300M STEEL
FOR TWO HEAT-TREATING CONDITIONS

TENSILE PROPERTY NORMALIZED IN STILL AIR AUSTENITIZED AT 900°C FOR
30 MIN., I.T. AT 3500C FOR 20 MIN.,
W.Q.
3 1.50 X 10° MPa 1.76 X 10° MPa

0.2% Yield Strength

Ultimate
Tensile Strength

F

°F
Retained Austenite

1.20 X 10° MPa

1.79 X 10° Mpa

0.30 0.23
2.92 X 10° Mpa 2.16 X 10° MPa
6.5% 15.1%




TABLE 1V
RESULTS OF TESTS OW TAPERED TENSILE SPECIMENS OF TRIP STEEL

MATERIALS REDUCTION FRACTURE STRAIN FRACTURE STRESS (MPa) E (MPa)

F “F |
A 0 1.60 X 1051
Al 792 0.70 3.60 X 10° 1.70 X 10°]
A2 302 0.90 3.03 X 10°
A3 1% 0.37 1.59 X 10° 1.46 X 10°




TASLE V

THE TENSILE PROPERTIES
OF THE 79% WARM WORKED TRIP STEEL SPECIMENS
In BOTH THE LONGITUDINAL AND TRANSVERSE DIRECTIONS

TRANSVERSE DIRECTION LONGITUDINAL DIRECTION
e 0.34 0.70
o 2.33 x 10% Mpa 3.56 X 10° Mpa
0.2% Yield Strength 1.45 X 10° Mpa
Ultimate Tensile Strength 1.70 X 103 MPa
E 1.70 X 10° MPa 1.70 X 10° MPa




TABLE VI.

RESULTS OF BULGE DUCTILITY OF
300M STEEL AT VARIOUS STRAIN RATES

Austenitized at 900°C for
30 Min., then isotherm-o
ally transformed at 350
for 20 min., water quench

!

Hydraulic t, 1.19m * 0.02 mm %‘gg ™ 4 0.02 mm
Bulge
& 0.99 mm * 0.02 mm %:?g "+ 0.02 mm
Testing
- 0.1
e=10"% sec”} b 3 0.18 .1
Average: 0,11
Hydraulic t, 0.5l mm * 0.02 mm 0.53mm ¥ 0.02 mm
Press
te 0.42mm ¥ 0.02 mm 0.46 mm * 0.02 mm
Testing
22151 sec-l € 0.21 0.14
Dynamic t 0.70 mm
: % 0.63 mm * 0.01 mm
0.39 mm
Bulge tF 5,55 1w
. 0.47 mm * 0.01 mm
Testing 0.29 mm
é=103 sec'l E} g.gg
@.28
Average: 0.28

T ST
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TABLE VIII

RESULTS OF EXPLOSIVE ELLIPTICAL BULGE TEST OF TRIP STEEL

0 0.23 0.15 0.41
79 g.3¢ 0.26 0.21
30 0.67 0.48 0.33
11 0.58 0.41 0.36

+ Thickness values ¥ 0.02 mm.
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TABLE 1X. RESULTS OF PLANE STRAIN TENSILE TEST ON TRIP STEEL AT THREE STRAIN-RATES

STRAIN RATE MATERIAL
€ % Warm-Work
[ 0 79 30 1
| t, (mm) 0.69 0.68 0.63 0.56
110" %sec™! t (mm) 0.48 0.44 0.405 0.37
| _=2'|n-t—° 0.42 0.50 0.51 0.48
CF ‘;75' tf . . . .
t, (m) 0.71 0.61 0.53 0.60
10" 1sec"! t.(mm) 0.43 0.43 0.36 0.35
- 2 1"o
= 2 0.58 0.40 0.45 0.63
f
t, (mm) 0.70 0.61 0.61 0.61
10%sec”! t¢(mm) 0.49 0.45 0.44 0.41
- 2 to
=% £ 0.41 0.35 0.38 0.47




TABLE X

”

THE AMOUNT OF MARTENSITE FORMED NEAR THE FRACTURE SURFACE
OF THE PLANE STRAIN SPECIMENS OF TRIP STEEL (a = °2/°1 = 1/2)

TWARN:
WORK
STRAIN 0 79 30 b
RATE
e=107% 14.03 >20° >203 >20°
Sec . K 3 ”© A
e=107, 19.03 9.0% 12.0% +20°,
sec . R - . w
y £10° 5.0% 4.0% 1.0% 3.0%
sec . Ld . . .
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